The effect of phenol on the growth and oxygen uptake rate was studied in several strains in the genus Rhodotorula, and the degradation route of phenol by two yeast strains of Rhodotorula rubra was examined. Rhodotorula rubra IFO 0870, 0889, 0892, 1100 and 1101 grew well in medium containing 250 mg/l phenol. Rhodotorula rubra IFO 0870 still showed a small growth even in medium containing 1,000 mg/l phenol. It was found that oxidation of phenol in the cells of Rhodotorula rubra was partially inhibited by bipyridyl. Phenol metabolites were separated and identified using high performance liquid chromatography (HPLC) and gas chromatography/mass spectrometry (GC/MS). The two phenol metabolites were identified as catechol and cis,cis-muconic acid. These findings suggest that phenol is hydroxylated prior to ring-cleavage and that a catechol branch in $-ketoadipate pathway exists in the yeast strains.
The effect of phenol on the growth and oxygen uptake rate was studied in several strains in the genus Rhodotorula, and the degradation route of phenol by two yeast strains of Rhodotorula rubra was examined. Rhodotorula rubra IFO 0870, 0889, 0892, 1100 and 1101 grew well in medium containing 250 mg/l phenol. Rhodotorula rubra IFO 0870 still showed a small growth even in medium containing 1,000 mg/l phenol. It was found that oxidation of phenol in the cells of Rhodotorula rubra was partially inhibited by bipyridyl. Phenol metabolites were separated and identified using high performance liquid chromatography (HPLC) and gas chromatography/mass spectrometry (GC/MS). The two phenol metabolites were identified as catechol and cis,cis-muconic acid. These findings suggest that phenol is hydroxylated prior to ring-cleavage and that a catechol branch in $-ketoadipate pathway exists in the yeast strains.
Catechol may be oxidized by the "ortho type" of ring fission .
Phenol is a troublesome contaminant which is one of the priority pollutants listed by the U. S. Environmental Protection Agency (9) . Several biological methods, such as activated sludge and trickling filters, have been used to treat wastewaters containing phenol (6, 16, 19) . Bacterial strains in the genera Acinetobacter (8) and Pseudomonas (7, 8) , a mold strain in the genus Geotrichum (8) , and yeast strains in the genera Candida (11), Rhodotorula (4,10) and Trichosporon (13) were isolated and studied with regard to their degradation of phenol or phenolic compounds. However, most of the metabolic studies of aromatic degradation have been limited to bacterial genera and little is known about the degradation of phenol by yeast.
In this study, the effect of phenol on the cell growth and the oxygen uptake rate KATAYAMA-HIRAYAMA, TOBITA, and HIRAYAMA VOL. 37
is examined in several strains of Rhodotorula. Some intermediates produced from the degradation of phenol by Rhodotorula rubra are identified using high performance liquid chromatography (HPLC) and gas chromatography/mass spectrometry (GC/MS). A possible metabolic pathway is proposed for the degradation of phenol by the yeast. The stock cultures of Rhodotorula were maintained on the agar slants containing 4 g of yeast extract, 10 g of malt extract, 4 g of glucose and 15 g of agar in 1,000 ml of tap water. The same liquid was used as a basic medium for the experiment. The pH of the medium was adjusted to 6.0 before sterilization. Adding phenol after sterilization had no effect on the pH of the medium within the examined range from 50 to 1,000 mg/l.
Cell preparation. The culture was prepared by transferring a loop of the stock culture to 50 ml of the liquid medium containing phenol at 0 to 1,000 mg/l in a 200-ml flask. They were incubated on a rotary shaker at 130 rpm at 30°C. The cells were harvested by centrifugation at 3,000 rpm for 10 min and washed twice with distilled water.
Analysis. The cell concentration was determined spectrophotometrically at a wave length of 600 nm. The dry weight of cells was determined after drying at 105°C for 2 h on a preweighed glass-fiber filter (Whatmann GF/C). Phenol was determined by the method of Yang and Humphrey (19) . The oxygen uptake rate was measured by volumetric determination of consumed oxygen using 02 UPT-ESTER (Taiyo Co.). The reaction vessels contained: cells corresponding to l0mg dry weight, 2 mmol glucose, 0.05 mmol phosphate buffer (pH 7.0), phenol 0 to 2, 500 mg/l, total volume 2.0 ml. Incubation at 30°C.
Preparation for HPLC and GC/MS. The washed cells (0.1 g), which had grown on the liquid medium containing 200 mg/l phenol, were suspended in 50 ml of distilled water containing 200 mg/l phenol with or without 1 mM bipyridyl. After 40 h of incubation on a rotary shaker at 130 rpm at 30°C, the supernatant was filtered through a 0.45,am membrane filter. The absorption spectrum of the filtrate was measured using a spectrophotometer (Hitachi Model 200-10). Then, the filtrate was injected into an HPLC system. The conditions of HPLC were: column, Hitachi #3056 gel (ODS) 4 mm id. >< 150 mm; flow rate, 1 ml/min; eluent, methanol/water = 50/50; detector, HITACHI L-3000 Photo Diode Array Detector and D-6000 DAD manager (three-dimensional chromatosystem); temperature, ambient.
A part of filtrate was prepared according to the method of Tobita et al. (18) for GC/MS analysis as follows. The pH of the sample aliquots was lowered to 2.0 with conc. HCl and extracted two times by ethyl acetate. The combined ethyl acetate solution was concentrated using a rotary evaporator below 40°C. The solution was dried under nitrogen gas, and then trimethylsilylated (TMS) by N-o-bis(trimethylsilyl)acetoamide at 70°C. The derivatized sample was injected into a GC/MS system. The GC/MS analysis was performed using JOEL JMS-AX 505W system. The GC conditions are as follows: column, DB-5 (fused silica capillary column with cross-linked 5 % phenylmethylsilicon, J & W Scientific, Inc. ) 0.25 mm i.d. X 30 m, film thickness 0.25 ,um; carrier gas, helium; injection, purged splitless mode; temperature programming, 50°C (1 min), 50-140°C (25°C/min), 140-250°C (5°C/min). The electron impact ionization (El) mass spectrum was measured as follows: electron energy, 70 eV; emission current 300 ~iA; mass range, 50-500 m /z; scan rate, 1 s.
RESULTS

Effect of phenol on the oxygen uptake rate and growth of the cells of Rhodotorula
The effect of the phenol concentration on the oxygen uptake rate of the cells of 12 strains of Rhodotorula was examined. In this experiment, the cells were grown without adding phenol. As shown in Table 1 , Rhodotorula rubra IFO 0870, 0889, 0892, 1100 and 1101 were found to be relatively phenol-tolerant strains. The Table 1 . Effect of phenol concentration of the oxygen uptake rate of the cells of Rhodotorula. oxygen uptake rate was not inhibited in these strains at the phenol concentration of 500 mg/l. Fifty per cent inhibition of the oxygen uptake occurred at a concentration of 2,000 mg/l. These phenol-tolerant strains were used in the following experiments. The growth of the cells of Rhodotorula at different phenol concentrations is shown in Table 2A . Rhodotorula rubra IFO 0870, 0889, 0892, 1100 and 1101 grew well in medium containing 250 mg/l phenol. Rhodotorula rubra IFO 0870 still showed a small growth in media containing 1,000 mg/l phenol.
Yeast strains in the genus Rhodotorula produce carotenoid pigments (15) . The strains used in this study had a typical color of red or red-orange. The harvested cells became pale yellow or white above 800 mg/l phenol. Carotenoid production by the yeast might decrease above this phenol concentration.
The residual phenol concentrations in the media after 72 h of incubation are shown in Table 2B . The phenol concentrations in the cultured media were greatly decreased in the strains of Rhodotorula rubra IFO 0870, 0889, 0892 and 1101. At an initial phenol concentration of 50 mg/l, removal of phenol was respectively 88.6, 91.4, 95.4 and 96.6%. At 100mg/i, the removal was 51.0, 90.0, 91.3 and 92.7% for the respective strains.
Phenol metabolites and effect of bipyridyl
The preceding experiments showed that phenol was effectively removed from media by the strains of Rhodotorula rubra IFO 0892 and 1101, and these strains were used in the following studies. those of authentic preparations of phenol, catechol and cis,cis-muconic acid. Co-HPLC also showed that the peaks and the retention time of the phenol metabolites corresponded to those of the authentic preparations. Identification is further supported by GC/MS analysis. Figure 2 depicts a total ion chromatogram of phenol metabolites by the phenol-grown cells of Rhodotorula rubra IFO 0892 and 1101. The retention time and fragmentation pattern of peaks 1 and 2 corresponded to those of trimethylsilylated catechol and cis,cis-muconic acid. The mass spectrum of peak 1 in Fig. 2A and 2B was identical to that of trimethylsilylated catechol with the ions at m/z 254 (M+), 239 (M-CH3), 166, 151 and 136 (Fig. 3) . The mass spectrum of peak 2 in Fig. 2A and 2B was identical to that of trimethylsilylated cis, cis-muconic acid with the ions at m/z 286 (M+), 271 (M-CH3), 196, 169 and 147 (Fig. 4) . These results clearly demonstrated that the phenol metabolites in the yeast cultures were catechol and cis,cis-muconic acid.
Concentrations of phenol, catechol and cis,cis-muconic acid were calculated from the peak area of the HPLC chromatogram at wave lengths of 275, 275 and 260 nm, respectively, as summarized in Table 3 . Formation of cis, cis-muconic acid was partially inhibited by 1 mM bipyridyl, an inhibitor of catechol 2,3-dioxygenase Table   El mass spectra of TMS derivatized cis,cis-muconic acid (A) and peak 2 (B) and 2B (C).
3. Concentrations of phenol, catechol and cis, cis-muconic acid after 40 h of incubation in the presence or absence of bipyridyl. TOBITA, and HIRAYAMA VOL. 37 (14) , but its inhibition was not complete in Rhodotorula rubra IFO 0892 and 1101.
There was no accumulation of catechol by the inhibition of catechol oxidation in this experiment. Figure 5 shows the absorption spectra of the culture broth at 0 and 40 h after incubation.
Increase in absorbance at 260 nm indicated the formation of cis, cismuconic acid (E =16,000).
No increase in absorbance was detected above 370 nm.
DISCUSSION
Several strains of Rhodotorula rubra were capable of degrading phenol. Catechol and cis,cis-muconic acid were observed in the cultured broth. These findings indicate that Rhodotorula rubra has a metabolic pathway of phenol degradation including phenol oxidation.
Although the microbial degradation routes of phenol or phenolic compounds have been well studied in bacterial strains (see references for reviews; 3,17), the information about the processes is severely limited in the yeast strains. Neujahr and Varga (13 ) studied a strain in the genus Trichosporon, and concluded that catechol was oxidized by the "ortho type" of ring fission, based on the observation of the activities in phenol hydroxylase and catechol 1,2-dioxygenase. However, the reaction products in the hydroxylation of phenol or in catechol oxidation have not yet been identified. Bipyridyl inhibits catechol 2,3-dioxygenase, which is a catechol oxidizing enzyme giving a-hydroxymuconic E-semialdehyde (14) . Nei et al. (12) reported that the catechol oxidation was completely inhibited by 1 mM bipyridyl in Rhodotorula glutinis var. glutinis, but it is not yet clear whether the catechol oxidizing enzyme is catechol 1,2-dioxygenase or catechol 2,3-dioxygenase.
Cain et al. (1) and Cook and Cain (2) demonstrated that Rhodotorula musilaginosa does not metabolize catechol or its usual precursors and that the protocatechuate branch was dominant in the /3-ketoadipate pathway.
On the other hand, the formation of cis, cis-muconic acid was partially inhibited by 1 mM bipyridyl, but not completely, in Rhodotorula rubra. An accumulation of catechol by the inhibition of catechol oxidation did not occur in this experiment. Nor was there an increase in absorbance of a-hydroxymuconic E-semialdehyde at 375 nm (E =44,000). These results indicate that the catechol oxidation is probably catalyzed by catechol 1,2-dioxygenase in Rhodotorula rubra. The formation of catechol and cis, cis-muconic acid suggests that the catechol branch in the /3-ketoadipate pathway exists in Rhodotorula rubra. Phenol is hydroxylated prior to ring fission, and catechol may be oxidized by the "ortho type" of ring fission.
On the basis of the results obtained in this study, a possible scheme is proposed for the degradation process of phenol by Rhodotorula rubra (Fig. 6 ). Phenol may be hydroxylated to form catechol prior to ring fission. Then, the catechol may be further oxidized to cis, cis-muconic acid. The ortho type of ring fission seems to be predominant in Rhodotorula rubra. 
